We report coregistration of near-infrared diffuse optical spectroscopy ͑DOS͒ and magnetic resonance imaging ͑MRI͒ for the study of animal model tumors. A combined broadband steady-state and frequency-domain apparatus was used to determine tissue oxyhemoglobin, deoxyhemoglobin, and water concentration locally in tumors. Simultaneous MRI coregistration provided structural ͑T 2 -weighted͒ and contrast-enhanced images of the tumor that were correlated with the optical measurements. By use of Monte Carlo simulations, the optically sampled volume was superimposed on the MR images, showing precisely which tissue structure was probed optically. DOS and MRI coregistration measurements were performed on seven rats over 20 days and were separated into three tumor tissue classifications: viable, edematous, and necrotic. A ratio of water concentration to total hemoglobin concentration, as measured optically, was performed for each tissue type and showed values for edematous tissue to be greater than viable tissue ͑1.2 Ϯ 0.49 M͞M versus 0.48 Ϯ 0.15 M͞M͒. Tissue hemoglobin oxygen saturation ͑StO 2 ͒ also showed a large variation between tissue types: viable tissue had an optically measured StO 2 value of 61 Ϯ 5%, whereas StO 2 determined for necrotic tissue was 43 Ϯ 6%.
Introduction
The development of noninvasive diagnostic techniques to image and characterize physiological properties of tissues is an area of intense research and clinical interest. Such diagnostic tools are crucial for the study of tumor physiology and in particular angiogenesis. Magnetic resonance imaging ͑MRI͒ and near-infrared diffuse optical spectroscopy ͑DOS͒ are two noninvasive techniques that provide complementary structural and functional physiological information. DOS can be used to measure chromophore concentrations such as oxy-and deoxyhemoglobin ͑HbO 2 and Hb, respectively͒, water ͑H 2 O͒, and fat within a local volume of tissue, whereas MRI provides high-resolution structural and contrast-enhanced images. Coregistration of these two methods has the potential to enhance our understanding of the complex biological processes associated with tumor transformation and growth. Ultimately, the combination of the two measurement techniques can be applied to monitoring tumor changes in response to therapy, resulting in an improved method to test cancer treatment efficacy. 1, 2 The literature documenting the use of MRI to monitor tumor growth and response to therapy is extensive. [3] [4] [5] [6] Through the use of MRI contrast agents these studies access functional tissue information, which is key to understanding physiology. For example, several investigations have focused on tumor hypoxia because of the difficulty in treating such tumor tissue clinically. 7, 8 The use of perfluorocarbon emulsion as a contrast agent allows for the determination of pO2 values within tissue, enabling elucidation of hypoxic regions. 3 Another example of a widely used contrast agent is Gadopentate dimeglumine ͑Gd-DTPA͒, which allows for the determination of vascular volume fraction. 6 Most of the quantitative DOS studies that have been conducted to date have been performed on breast, brain, and muscle in humans. 9 -11 Despite a lower resolution compared with MRI, DOS is attrac-tive because of its direct sensitivity to important physiological parameters such as total hemoglobin content ͑THC͒, tissue hemoglobin oxygen saturation ͑StO 2 ͒, fat, and H 2 O content. Moreover, its implementation is relatively inexpensive.
The majority of the research reported in the literature that combines DOS and MRI modalities has been carried out in the area of functional brain imaging. [12] [13] [14] [15] [16] The main goals of these investigations have been either to validate DOS measurements or to explain the origin of the blood oxygen level dependent signal in functional MRI. For cancer studies, there have been only a few reports of DOS and MRI coregistration. [17] [18] [19] [20] [21] Ntziachristos et al. developed a diffuse optical tomography͞spectroscopy ͑DOT͞DOS͒ breast-imaging instrument to be used for coregistration with MRI. 17 Their optical system acquires time-resolved data at up to three wavelengths in the near-infrared region. Recently they reported what is believed to be the first clinical application of MRguided DOS to breast measurements. 20 When DOT͞DOS technology is used as a standalone method, the resolution of the images is limited by the diffusive behavior of light propagating in highly scattering media. Pogue and Paulsen proposed to use a priori information from MR images to constrain the image reconstruction of DOT and were able to demonstrate such an approach with simulated data. 21 A MR image of a rat cranium was used to construct a finite-element grid, which segmented brain, bone, and muscle and used literature-reported absorption and scattering coefficients at 800 nm for these different tissue types. The grid was used to simulate DOT measurements using 16 sources and 16 detectors with noise added. Reconstruction assuming only knowledge of the external boundary resulted in low-resolution images, whereas reconstruction using the segmented boundaries obtained from MRI resulted in higher-resolution images.
These prior studies highlight the interest in performing MRI and DOS measurements in parallel. First, the MR images are of help in interpreting the optical data by providing relatively high-resolution structural and functional images. Partial validation of the optical measurements is thus possible. Second, the incorporation of the high-resolution structural information can significantly improve the accuracy of DOT reconstruction. Of course, constraining DOT optimization based on MRI data provides useful images only if the MR contrast elements can be accurately correlated with tissue optical properties.
Here we present the results from an investigation of the correlation between MRI and DOS data as obtained from an in vivo rat tumor model. First, we describe the instrumentation used for MRI͞DOS coregistration. Second, we report measurements on subcutaneous tumors in rats, periodically measured over an interval of 20 days as tumors developed and changed in structure. DOS measured HbO 2 , Hb, and H 2 O concentration are compared with both structural MR images ͑T 2 weighted͒ and Gd-DTPA contrast-enhanced MR images. A complementary investigation in which both MR and optical contrast agents were employed is described in a companion paper in this issue. 22 
Materials and Methods
A. Diffuse Optical Spectroscopy
Instrumentation
We used a combined frequency-domain ͑FD͒ and steady-state ͑SS͒ system that has previously been described in detail. 23 At the core of the FD instrument is a network analyzer ͑HP 8753C͒, which is used to modulate the intensity of diode lasers and to measure the phase and amplitude of the optical signal detected by an avalanche photodiode ͑Hamamatsu APD C556P-56045-03͒. Five diode lasers at varying wavelengths of 674, 800, 849, 898, and 915 nm were used and were modulated from 50 to 601 MHz sweeping a total of 233 frequencies. The SS instrument is composed of a tungsten-halogen light source ͑Ocean Optics LS-1͒ and a spectrometer ͑Ocean Optics S2000͒. As explained in Section 2.A.2, the combination of FD and SS data allows for the determination of the broadband absorption spectrum of the tissue ͑typically 650 -1000 nm͒.
The optical instrument was housed in a room separate from the MR imager in order to reduce problems associated with the 3-T magnet. This requirement necessitated the use of 20-m lengths of optical fiber to conduct light from the diode lasers and tungsten light source to the probe, which was located inside the bore of the magnet; the diffuse light was then collected by detector fibers of equal length and relayed back to the detectors. Such fiber length does not significantly affect SS measurements but is problematic for FD measurements because of modal dispersion of the fibers. To overcome such a problem, we used 100-m core diameter, 3-mm outer diameter 100͞140 cabled, gradient-index fiber ͑OZ Optics MMJ-3X-IRVIS-100͞140-3-40͒ for the source fiber and 600-m core diameter, 1.1-mm cladding diameter, gradient-index fiber, for the detector fiber ͑Oxford Electronics͒. Note that this latter fiber is not commonly commercially available but is a custom item. For the SS measurements, we used 600-m core diameter step-index fibers for both the source and detector.
The optical probe was made of Delrin acetal resin and included a head, which rested on the tumor. The probe head was a 1-in.-͑2.54-cm-͒ diameter cylinder with holes drilled through lengthwise for placement of the source and detector fibers. The source and detector fibers were inserted into the drilled holes and fixed in place flush with the probe head with epoxy. Plastic rings filled with H 2 O ⅐ CuSO 4 solution, placed around the probe, allow for the determination of the location of the source and detector fibers in the MR images. 17, 18 For the FD measurements, amplitude and phase were calibrated by use of a silicone phantom with previously characterized optical properties. 24 For the SS measurements, an integrating sphere was used to calibrate the spectral instrument response.
Optical Property Determination
The method used to determine the optical properties is explained in detail by Bevilaqua et al. 23 The computations are based on the analytical diffusion solution of the reflectance R͓ a ͑͒, s Ј͑͒, f͔ given by Kienle and Patterson, where a ͑͒ is the absorption coefficient, s Ј͑͒ is the reduced-scattering coefficient, and f is the modulation frequency. 25 The same analytical solution is valid for SS ͑f ϭ 0͒ and FD data. 23 First, a ͑͒ and s Ј͑͒ are obtained at the laser-diode wavelengths from the fit of the diffusion solution to the calibrated phase and amplitude. Assuming s Ј to have the form s Ј͑͒ ϭ A ϪB , we can obtain the broadband scattering spectrum by fitting the s Ј͑͒ values at the laser-diode wavelengths to the above equation. 26 -28 The a ͑͒ and s Ј͑͒ values at the laser wavelengths obtained from FD measurements are also used to calibrate the broadband reflectance spectrum obtained from SS measurements, again by use of diffusion theory. Note that this calibration step corresponds only to the determination of a single scaling factor that allows for the determination of the absolute reflectance spectrum R͑͒ expressed in ͓W͞ m 2 ͔. The last step is to determine the broadband absorption spectra a ͑͒ from the broadband absolute reflectance spectra R͑͒ and the broadband s Ј͑͒ spectrum, with the diffusion solution a third time. Finally, concentrations of Hb, HbO 2 , and H 2 O are determined by a linear least-squares fit of the absorption spectra of the chromophores to the measured absorption spectrum over the 650 -1000-nm wavelength range. Although our DOS instrument also has the ability to determine lipid concentrations, the rat tumor tissues measured contained insignificant amounts of fat and did not necessitate the use of the fat spectrum in the chromophore fit. Figure 1 illustrates how DOS measurements are obtained within the MRI. The homebuilt MRI system has a 3.0-T magnet and uses a Marconi medical console. The bore diameter of the MRI is 90 cm, and a homebuilt, small-animal, birdcage-type rf coil is used to transmit and receive signals.
Magnetic Resonance Imaging Instrument and Methodology
For the study, two types of MRI images were obtained. First, T 2 -weighted images using a fast spinecho sequence ͓͑TR͞TE͒, 3000͞105 ms; field of view, 14 cm; slice thickness, 5 mm; image matrix, 256 ϫ 256; echo train, 8͔ were acquired over the whole tumor for the anatomical information. The acquisition time for the T 2 images was 3 min.
The second type of images acquired were from a T 1 -weighted dynamic acquisition based on a fast three-dimensional gradient echo pulse sequence ͑TR͞ TE, 18͞3.6 ms; flip angle, 20°; field of view, 10.5; slice thickness, 5 mm; image matrix, 256 ϫ 256͒ in which 40 sequential images were acquired over a 16-min time period ͑24.1 s͞image͒. A bolus injection of Gd-DTPA ͑0.1 mmol͞kg͒ was administered after the first four images ͑baseline measurements͒ in this T 1 -weighted acquisition. Gd-DTPA-induced enhancement images for the tumor were then constructed by means of subtracting the average intensity of the four baseline images from each subsequent dynamic image after the Gd-DTPA injection. Since only one T 1 -weighted measurement, following bolus injection, was used for the enhancement images, we chose the same time point for all the tumor measurements in order for our analysis to be consistent. Although the uptake of the Gd-DTPA varied for each tumor, the fifth of the 40 consecutive time points ͑120 s after injection͒ supplied a sufficient amount of contrast agent signal for the analysis of all tumors.
B. Sampling Volume Visualization
To visualize the coregistration of DOS with MRI measurements, development of a means for overlaying the optical and MR sampling volumes is essential. DOS measurements are used to determine values of a and s Ј over a volume of tissue, the dimensions of which depend on both the source-detector separation and the average optical properties of the sampled region. Maps constructed from the results of Monte Carlo ͑MC͒ simulations based on measured average transport parameters provide a means to visualize the optically probed region that can be superimposed on MR images. 29 -33 Although the same treatment can be performed with a diffusion-based model, the weighting of the map near the source and detector are inaccurate and lead to pronounced errors over the entire volume for the relatively short source-detector separation ͑5.7 mm͒ used. The MC map describes the probability for a detected photon to have traveled through a given voxel.
The input parameters used in the generation of the MC maps included the modulation frequency, the source-detector separation, and the measured optical coefficients a , s Ј. As a first approach we considered the portion of tissue investigated optically as homogeneous. The validity of such an assumption is discussed in Section 3.
Strictly speaking, a MC map is generated for each modulation frequency and a given wavelength, since the optical properties of tissue depend on the wavelength. However, for the purposes of this investiga- tion, we determined that the frequency-and wavelength-dependent variations in interrogated tissue volumes were not significant for the relatively small source-detector separation ͑5.7 mm͒ used in this study. The mean depth probed by the light, for an average a ϭ 0.015 mm Ϫ1 and modulation frequency of 300 MHz, changed by less that 4% over the frequency range of 50 -600 MHz. For absorption variations the mean depth probed changed by ϳ20% for a ϭ 0.08 mm Ϫ1 and a ϭ 0.005 mm
Ϫ1
, which were the maximum and minimum absorption values of all the measurements and therefore represent a larger deviation than for a single measurement. In view of these small differences, the maps were generated with only the average optical properties from each respective measurement and a modulation frequency of 300 MHz.
After the MC maps were constructed by use of the optical properties measured for a particular tumor, they were then aligned with the MR images by use of the pixel locations determined for the source and detector fibers. The H 2 O ⅐ CuSO 4 filled markers placed on the optical probe's head were used to define the pixel location of the optical source and detector fibers on the T 2 image. MC maps could then be superimposed on the MR images and define the region probed optically. Figure 2 shows a typical example of a superposition of the MC map over a MR image.
C. Animal Protocol and Coregistration
A group of seven female Fisher-344 rats ͑weight range, 170 -210 g͒ were implanted with the R3230 AC adenocarcinoma tumor model 2 wk prior to being subject to a series of DOS and MRI measurements. The acquisition of data was initiated when tumor sizes reached 1 cm in diameter. Data acquisition continued until tumors reached a maximum size of 3 cm in diameter. Each rat was measured every 3-5 days, excluding any unavoidable circumstances, over a period of 20 days for a total of 26 measurements. All procedures followed a protocol approved by the Institutional Animal Care and Use Committee of the University of California, Irvine ͑IACUC Protocol 2002-2323-0͒.
The DOS measurements were performed during the acquisition of MRI measurements. For a given measurement session, a rat was placed inside the rf coil, and the head of the optical probe was placed in contact with the tumor. T 2 images were acquired to locate the tumor and the H 2 O ⅐ CuSO 4 -filled markers were used to indicate the location of the optical source and detector fibers relative to the tumor. DOS data were acquired three times during the acquisition of the T 2 images. Three additional DOS measurements were recorded after the Gd-DTPA bolus injection, during the acquisition of the T 1 measurements. The six measurements were averaged, and error bars were calculated with the standard deviation of all measurements. There were no consistent differences in optical data taken before and after measurements; therefore the MRI contrast agent did not appear to perturb the absorption and scattering events of the light, either directly or as a consequence of blood dilution. Figure 3 shows a typical a spectrum measured on the rat tumor, as computed from the FD and SS measurements explained in Subsection 2.A.2. The fit of the chromophore spectra ͑Hb, HbO 2 , H 2 O, and constant background absorption͒ to the a spectrum allows for the determination of the concentrations. The background absorption is on average 8% of the total absorption spectrum for all measurements. It may account for background chromophores other than Hb, HbO 2 , and H 2 O with no significant spectral features or in trace amounts. Nevertheless, the , and modulation frequency of 300 Mhz. background absorption also serves to correct for a systematic offset in the absorption value that is due to both model inaccuracy and calibration inaccuracy. Previous research in tissue phantoms showed that, in the case of a broadband absorption spectrum, adding this degree of freedom in the fit can significantly improve its accuracy. 34 Figure 3 illustrates the quality of the fit. The various features of Hb and H 2 O absorption are clearly visible: high absorption of Hb at 650 nm ͑peak at 555 nm͒, peak of Hb at 758 nm, and peak absorption of H 2 O at 978 nm.
Results and Discussion
From the examination of the MC maps superimposed on MR images, as described in the Section 2, we found that the optical measurements were performed essentially on three types of tissue: viable, edematous, and necrotic. This simple classification was intended as a first step toward the understanding of the correlation between optical properties and MR images:
1. Viable tissue. Viable tissue was defined by average or high signal ͑bright regions͒ of Gd-DTPA on the enhancement image, and normal or low signal ͑dark regions͒ in the T 2 -weighted image. The signal in the enhancement image is proportional to the perfusion of the Gd-DTPA contrast agent and, therefore, signifies normal or high blood flow to the considered region. The signal in the T 2 image is derived from protons in H 2 O and is therefore related to the H 2 O concentration measured by DOS. Figure 4 shows an example of a typical ͑a͒ T 2 image and ͑b͒ enhancement image of viable tissue.
2. Edematous tissue. Edematous tissue was defined by a high signal ͑bright regions͒ in the T 2 image relative to viable tissue, which corresponds to an increased H 2 O concentration. This type of tissue is also characterized by a low enhancement ͑dark regions͒ of Gd-DTPA, corresponding to low perfusion or poor blood flow. Figure 5 shows the ͑a͒ T 2 and ͑b͒ enhancement images for a typical example of edematous tissue. The formation of such edematous structure is commonly found for this type of tumor animal model.
3. Necrotic tissue. Necrotic tissue was defined by normal T 2 intensity and low Gd-DTPA enhancement, corresponding to low perfusion of blood. MRI therefore suggests a tissue that has normal H 2 O content but poor blood supply. Figure 6 shows the ͑a͒ T 2 and ͑b͒ enhancement images for a typical example of necrotic tissue.
Following the analysis of all measurements for the seven rats over the 20-day period, measurements were grouped into these three distinct types of tissue. Figure 7 is a StO 2 versus H 2 O scatter plot that includes all measurements. The average chromophore concentrations for these three cases are summarized in Table 1 . Pham et al. have reported comparable rat tumor optical properties. 35 Our main goal here is to assess the optical differences between the various tissue types.
On the basis of H 2 O content, viable and necrotic tissue types are clustered together ͑23 to 36 M͒. Separation occurs between these two types of tissue as values decrease in StO 2 ͑Fig. 7͒. Necrotic tissue shows significantly lower tissue StO 2 ͑43% Ϯ 6%͒ compared with viable ͑61% Ϯ 5%͒ and a lower mean THC than viable tissues ͑51 Ϯ 8 M versus 64 Ϯ 19 M͒. These results are consistent with expected physiological differences. 36 The measurements performed on the edematous tissue separate clearly from all other measurements because of the high relative H 2 O concentration measured. In Fig. 7 , two edematous cases are located close to the viable tissue cluster. Interestingly, in these cases the MC map overlapped both an edematous and a viable region, which confirms that these measurements can be considered to be mixed cases. The values of H 2 O concentration calculated in edematous tissue ͑84 Ϯ 13 M͒ exceed physical plausibility ͑ϳ160% H 2 O͒. This problem most likely results because the edematous cases are composed of a low-scattering mixture consisting of mostly H 2 O. Such a tissue type may easily challenge the validity of our diffusion model, especially at the short sourcedetector separation used ͑5.7 mm͒. Qualitatively, the optical measurements provide the correct trend, i.e., high H 2 O concentration, but the values are quantitatively inaccurate.
For the same reasons that the measured H 2 O concentrations of edematous tissue are quantitatively inaccurate, THC values reported in Table 1 are also inaccurate. When the a spectrum was determined, it was shifted up for the edematous cases, which led to the high H 2 O concentrations when the chromophore fit was performed. This shift in the a spectrum would also explain the high average THC value for the edematous cases listed in Table 1 . To ensure that the shifted spectrum does indeed have a higher H 2 O content, Table 2 lists the ratio H 2 O ͓M͔ to THC ͓M͔ for the three different tissue types. As expected, the edematous cases have the highest ratios and the viable cases have the lowest ratios confirming the higher H 2 O concentrations in the edematous tissue as measured by DOS.
For optical properties characteristic of viable and necrotic tissues, we and others have shown that the approximations is valid, even if the source-detector separation used is relatively small ͑5.7 mm͒. 37, 38 Kienle and Patterson demonstrated indeed that retrieval of a with s Ј ϭ 1, at a single distance of 6 mm and a modulation frequency of 195 MHz resulted in an error less that 10% when the a value to be determined was less than 0.02 mm Ϫ1 ͑Ref. 38͒. We also performed a validation study on a phantom at a range of source-detector separations to test the limits of our instrument's ability to extract the correct optical coefficients and found similar errors for a distance of 5.7 mm. It is important to note that the ability to determine a broadband absorption spectrum, by use of both SS and FD techniques, is essential in this study. Using only the limited set of wavelengths of the FD measurements ͑674, 800, 849, 898, and 915 nm͒ would dramatically increase the errors in the determination of chromophore concentrations. More precisely, the uncertainty in a measurement set, defined as the standard deviation of consecutive measurements divided by the average measured value, increases by 3-fold for Hb and HbO 2 and 18-fold for H 2 O when the steady-state measurement was not included. Moreover, the accuracy of the measurement set also deteriorates and correlation with MRI is not possible.
This confirms our previous findings that the broadband absorption spectrum allows for significantly more accurate and precise values of the chromophore concentrations. 10, 23, 34 Finally, we present an example of a time course measurement on a single tumor followed over a 20-day period. Figure is 8͑a͒ , 8͑b͒, and 8͑c͒ show the MR T 2 -weighted images obtained on day 1, 11, and 20, respectively. Figure 8͑d͒ illustrates the StO 2 , THC, and H 2 O concentration calculated from optical measurements for the same tumor. The MRI T 2 -weighted images show that dramatic changes occur in the tumor structure that are consistent with the optical measurements. The sharp increase of H 2 O for the measurement acquired on day 11 is consistent with the T 2 image on that day exhibiting a strong signal, indicating high H 2 O content. Furthermore, measurements taken during the first 11 days show the tumor to have StO 2 values greater than 50%, whereas the final two time points show a measured StO 2 of less that 50%. From this we observe the tumor becoming more necrotic over time at the position of the measurements, which was generally true for all tumors in this study. However, the overall temporal evolution of the tumors varied greatly between each rat, with the formation of edematous tissue occurring at various times. Therefore MRI coregistration was essential to explain and validate time variations found in the optical measurements.
Conclusion
The integration of a first-generation steady-state ͑SS͒ and frequency-domain ͑FD͒ photon migration instrument with MRI has been realized. This new instrument allows for the local quantitative investigation of tissue properties on the rat tumor while MRI is simultaneously performed. Coregistration of the DOS and MRI systems was achieved by means of superimposing Monte Carlo simulations defining the path taken by photons over the MR image. Analysis was then performed to correlate the MR images with optical measurements of chromophore concentrations.
Results from the optical measurements on subcutaneous adenocarcinoma tumors in a rat model were obtained and coregistered with MRI data. Analysis of the structural T 2 -weighted images and functional Gd-DTPA-enhanced regions were compared with physiological parameters derived from the optical measurements. Tissues were separated into three types based on the MR images: viable, edematous, and necrotic. This classification was in agreement with the physiological parameters derived from optical measurements. Edematous tissue exhibited high H 2 O concentrations, and necrotic tissue measurements showed a significant decrease in both THC and StO 2 . The successful correlation between the DOS and MRI systems was possible because of the broadband spectroscopic capabilities of the SS-FDPM instrument. Rather than attempting to correlate absorption and scattering coefficient with MRI at a few accessible wavelengths, our system provides the ability to compare absolute chromophore concentrations with the MRI measurements.
To our knowledge, Kuboki et al. performed the only previous study comparing DOS data with T 2 -weighted MRI data. 39 They acquired data before, during, and after clenching of the masseter muscle in humans with both DOS and MRI technology. Because their DOS instrument was able to acquire only Hb and HbO 2 concentrations, they compared changes in THC with signal intensity changes in T 2 images. They argue that because H 2 O is the predominant component of blood, THC changes are related to H 2 O changes as measured by MRI. Unfortunately, they acquired DOS and MRI data on separate days out of necessity, but they were still able to correlate signals. Because of its broad spectral coverage, our instrument provides the benefit of a direct correlation between DOS and MRI for both H 2 O and lipid, and T 1 -weighted contrast-enhanced MRI for THC. Although our main focus in this research was to correlate optical and MRI signals, the study also helps to establish a basis for the use of relatively inexpensive, portable DOS technologies in animal tumor models. Interestingly, few studies using DOS have been reported on animal tumors. 35,40 -42 In contrast, substantial effort has been dedicated to small-animal model functional imaging by researchers using other noninvasive strategies such as MRI and positron emission tomography ͑micro-PET͒. [3] [4] [5] [6] 43 Our results suggest that DOS is a viable complementary, and in some uses alternative, approach to radiological methods for noninvasive tumor functional imaging. Future studies will focus on advancing the optics instrumentation by adding optical tomographic capabilities.
